Thermodynamic characterization of the activation domain of human procarboxypeptidase A2, ADA2h, and its helix-engineered mutants was carried out by differential scanning calorimetry. The mutants were engineered by changing residues in the exposed face of the two a helices in order to increase their stability. At neutral and alkaline pH the three mutants, a-helix 1 (M1), a-helix 2 (M2) and a-helix 1 and a-helix 2 (DM), were more stable than the wild-type domain, in the order DM, M2, M1 and wild-type. Under these conditions the CD and NMR spectra of all the variants are very similar, indicating that this increase in stability is not the result of gross structural changes. Calorimetric analysis shows that the stabilizing effect of mutating the water-exposed surfaces of the helices seems to be mainly entropic, because the mutations do not change the enthalpy or the increase in heat capacity of denaturation. The unfolding behavior of all variants changes under acidic conditions: whereas wild-type and M1 have a strong tendency to aggregate, giving rise to a b conformation upon unfolding, M2 and DM unfold reversibly, M2 being more stable than DM. CD and NMR experiments at pH 3.0 suggest that a region involving residues of the second and third b strands as well as part of a-helix 1 changes its conformation. It seems that the enhanced stability of the altered conformation of M2 and DM reduces the aggregation tendency of ADA2h at acidic pH.
Understanding protein stability is a major goal in the field of protein folding, not only because of its relevance in protein engineering, with its potential industrial and pharmacological applications, but also because of the recently described relationship between protein conformations, their relative stability and the onset of fatal diseases [1±4], including cancer [5] . To date, analysis of known structures from extremophiles and their labile homologs has been unable to provide general rules about the factors determining protein thermostability [6, 7] . Similar results have been found for the psychrophilic enzymes studied to date [8] . Nevertheless, although no particular interaction is universally responsible for thermostability in proteins, a good qualitative correlation exists between overall helix stability, as estimated by the helix/coil transition algorithm AGADIR [9±12] , and protein resistance to thermal denaturation [13] . This has been demonstrated experimentally in several proteins: CheY [14] , ADA2h [15, 16] and interleukin-4 [17] .
ADA2h is an 81-residue domain that folds into two a helices and a four-stranded b sheet. Its tertiary structure has been determined by X-ray within the complete procarboxypeptidase ( Fig. 1) [18±20] and also in the isolated form by NMR [21] . Using this domain we have previously shown that protein stability can be significantly enhanced through engineered improvements in local interactions involving a-helices [15, 16] (Fig. 1) . We demonstrated that the stabilization of its two a helices, mainly a-helix 2, considerably accelerates the folding rate. In general, one might expect that increasing the stability of any element of the secondary structure would result in a proportional stabilizing of the whole folded conformation only when the latter unfolds cooperatively. If, however, partially folded, intermediate or alternative conformations are highly populated under certain conditions the local stabilizing effect might be unevenly distributed between the conformers. Nevertheless, we have been unable to determine the stability of the double mutant protein with both its helices stabilized by using standard spectroscopic techniques, and thus check whether the local stabilizing effects are additive, precisely because of its high stability. In addition, in our previous studies we estimated the unfolding parameters of the mutants by applying the linear extrapolation model (LEM) to urea unfolding. LEM is in fact only applicable to two-state processes and, although we showed using differential scanning calorimetry (DSC) that the unfolding of the wild-type ADA2h domain at neutral pH was a two-state one [22] , it has yet to be demonstrated whether the equilibrium two-state unfolding model can be applied to multiple mutants. More importantly, still, there is no information available regarding the thermodynamic nature of the stabilizing effect. The best technique for making all these checks and characterization is DSC.
We used DSC in combination with CD and NMR to characterize the thermodynamic parameters of the thermal and chemical unfolding of ADA2h and its helix-stabilized mutants under different pH conditions. These results are discussed in the light of the nature of the mutations introduced and the accompanying structural changes.
M A T E R I A L S A N D M E T H O D S
Urea was from BRL (Gaithersburg, MD, USA). The buffers used throughout were sodium pyrophosphate, sodium phosphate and glycine from Merck (Darmstadt, Germany) and were prepared using double-distilled water. All other reagents were of the highest purity available.
The construction and purification of wild-type ADA2h and its stabilized mutants has been reported previously [15, 16] . Mutations in the M1-ADA2h mutant are: N25K, Q28E, Q32K, E33K. Mutations in the M2-ADA2h mutant are: Q60E, V64A, S68A, Q69H. Mutations in the DM-ADA2h domain are all of M1 and M2 (Fig. 1) . All samples were lyophilized after purification. The lyophilized powder was dissolved in 50 mm sodium phosphate (pH 7.0) and dialyzed extensively overnight at 4 8C against the desired buffer. All pH changes were made by dialysis from pH 7.0. Protein concentration was measured spectrophotometrically using the extinction coefficient 7180 mol 21´c m 21 at 280 nm [22] . In this study this value has been confirmed to be valid with a 2% accuracy for all protein variants either at pH 7 or pH 3.
Two types of microcalorimeter were routinely used: a DASM-4M instrument (Biopribor, Russia) with capillary cells of 0.47 mL and a VP-DSC instrument (MicroCal, USA) with coin-like cells of 0.52 mL. With the DASM-4M instrument the sample concentrations were < 2 mg´mL 21 , whereas with the VP-DSC instrument they were 2±3 times lower. The molecular mass of all of the mutants was assumed to be 9.2 kDa and the partial specific volume to be 0.73 mL´g
21
. Heating rates were 2 K´min 21 for the DASM-4M and 1.5 K´min 21 for the VP-DSC. The DSC melting curves were transformed into temperature dependence of the partial specific-heat capacity and analyzed as described elsewhere [23, 24] . Linear dependencies for C p,N , C p,U and DC p,U were assumed for the purposes of curve fitting.
The three-dimensional structures available for ADA2h were analyzed using a standard set of parameters with naccess software kindly provided by Dr S. Hubbard [25] . Two sources of the domain structure were used in our calculations: the X-ray structure of the 4±85 region of the entire procarboxypeptidase A2 [19] and the set of 20 NMR structures [21] . The unfolded state was considered to be an extended b strand [24] using the Biopolymer module of the insightii software (MSI, USA) to model it. In the case of the NMR data, the accessible surfaces and their changes were calculated for each of the 20 structures in the set and then averaged.
CD spectra of 20, 80, 160 and 200 mm protein samples in 50 mm sodium phosphate (pH 7.0) or 25 mm glycine (pH 3.0) were recorded in a JASCO-710 spectropolarimeter, at 278, 298 and 368 K using 10-mm or 2-mm quartz cells. Measurements were the average of 30 scans recorded at 50 nm´min 21 . Thermally induced unfolding of 20 mm protein samples was monitored in the temperature range 278±368 K at a heating rate of 50 8C´h 21 by following ellipticity at 222 nm. NMR spectra were recorded on a Brucker AMX-500 spectrometer belonging to the instrumentation center of the University of Granada, and processed and analyzed using nmrpipe [26] and nmrview [27] . All experiments were run at 25 8C. Spectral widths in all experiments were 8000 Hz. Onedimensional spectra of 4096 points were recorded for the wildtype, M1 and M2 proteins dissolved in H 2 O/D 2 O 90%/10% at pH 7.0. Proteins were then lyophilized and one-dimensional spectra were recorded within 1 h of dissolving in D 2 O. Fully H/D-exchanged spectra were obtained by leaving the sample either overnight at room temperature (M1) or for 1 week at 4 8C (wild-type and M2). In addition, the M2 protein was left for 1 h at 50 8C to achieve complete exchange. The protein concentrations in all the samples were < 1.0 mm under these conditions. Samples containing low concentrations of protein (0.1 mm for wild-type, and 0.5 mm for M1 and M2) at pH 7.0 in H 2 O were brought to pH 3.0 by adding of small aliquots of HCl. After recording one-dimensional spectra at 25 8C, the samples were lyophilized once more, redissolved in D 2 O and further onedimensional spectra were recorded within 1 h to detect slow H/D exchange processes. Wild-type and M2 samples were then heated to 60 8C and 85 8C, respectively, and cooled to 25 8C before recording one-dimensional spectra. In both cases, the deuterium lock had decreased due to the visual change in the viscosity of both samples.
Two-dimensional NOESY spectra of 0.9 mm wild-type and 1 mm M2 protein were recorded in D 2 O at pH 7.0. In addition, a NOESY spectrum of 0.5 mm M2 was recorded at pH 3.0. The resolution in the first domain was 2048 points and 128, 80 and 96 scans were accumulated for wild-type at pH 7.0, and M2 at pH 7.0 and 3.0, respectively. In all the experiments, 512 t 1 increments were recorded and a mixing time of 100 ms was used. The 1 H carrier was at water resonance. The residual water was suppressed by weak on-resonance irradiation during the 1 s relaxation delay. The free induction decays (FIDs) were multiplied by a Lorentz-Gauss window in both dimensions before Fourier transformation.
1 H chemical shifts are expressed relative to sodium-3-(trimethylsilyl)propane-1-sulfonate.
Complete 1 H NMR-assignments of the wild-type protein were kindly provided by M. Angeles Jime Ânez [21] . These were used to reassign the M2 mutant by directly comparing the onedimensional and two-dimensional spectra with those of the wild-type protein. At pH 7.0 most of the NOE patterns were very similar for both proteins, thus facilitating the assignment process. The assigned regions (aromatic and down-field Ca) of the M2 NOESY spectrum at pH 7.0 were then compared with the corresponding regions in the spectrum at pH 3.0.
R E S U L T S DSC at neutral and alkaline pH
As can be seen in Fig. 2 (pH 7.0), the stability of the domain increases upon a helix stabilization. The unfolding of all the mutants at neutral pH was reversible and the melting curves were highly reproducible at the second heating of the same sample. We did not observe any dependence of the melting curves either upon the heating rate or protein concentration. In our previous work we were not able to follow the thermal denaturation transition of the DM mutant either by CD or fluorescence, thus making it impossible to characterize its unfolding. Here, however, we have been able to obtain the complete transition using DSC. The DM mutant is very stable, with a T m of < 366 K and the melting process ending only at 393 K (Figs 2 and 3) . The heat capacity of the native and unfolded states of the mutants is similar for all variants of ADA2h within the limits of experimental error. In addition, the heat capacity of the native state and its slope at 293 K are similar to the values reported for the wild-type form elsewhere (15.2^1.5 kJ´K 21´m ol 21 and 0.07 kJ´K 22´m ol 21 , respectively) [22] . The heat capacity of the unfolded conformation at neutral pH was close to 21.7^2 kJ´K 21´m ol 21 at 383 K for all forms and for a better presentation the curves on Figs 2 and 3 were aligned to pass through this point. It is well known that for small proteins it is rather difficult to determine DC p,U directly from the melting curves with satisfactory precision (the average error might be as high as 20% or more [24] ). A more precise value of the increase in heat capacity has been estimated from the dependence of the heat effect upon T m (Fig. 4) as described below.
The calorimetric study was also performed at higher pH values (. 10) to decrease the stability of the mutants and thus obtain the T m dependence of DH m for a wider temperature range. To minimize the effects of buffer ionization in the enthalpy measurements we used glycine at alkaline pH because 
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Thermodynamics of helix stabilized ADA2h (Eur. J. Biochem. 267) 5893 its enthalpy of ionization is similar to that of z-NH 2 of lysine. Despite a slight overall decrease in stability at alkaline pH (Table 1) , the order of stability, wild-type , M1 , M2 , DM, observed at pH 7.0 is maintained, as is the reversibility of the unfolding processes.
The enthalpy increments, DH m , calculated for all four proteins by fitting the C p (T) curves recorded at neutral and alkaline pH (see Materials and methods for details), belong to the same linear regression through the DH m vs. T m points (Fig. 4) . Linear regression through all the DH m vs. T m points gives a slope of 3.1^0.2 kJ´K 21´m ol 21 as an estimate of DC p,U . This value is < 20% lower than that reported previoulsy for wild-type ADA2h [22] . It should be mentioned that in our previous study the unfolding enthalpies were measured through a relatively short temperature range because the pH of the solutions was kept to around neutral values, at which protein stability changes insignificantly. In this study, by using stabilized mutants and alkaline pH conditions we were able to expand the accessible T m range and thus increase the quality of the linear regression through the data points.
Although it is known that DC p,U is temperature-dependent [23, 28, 29] , energy calculations based on a constant DC p,U do not introduce large errors into DG 0 U [24] . As can be seen in Table 1 , the DG 0 U values calculated using constant DC p,U 3.1 kJ´K 21´m ol 21 are slightly higher within experimental uncertainty than the Gibbs energies found from urea denaturation experiments using the LEM [15, 16] . This difference most probably arises from a systematic underestimation of DG 0 U (< 12±15%) inherent in the LEM model [24] . As can also be seen in Table 1 , the increments in the Gibbs energies compared with that of wild-type ADA2h are additive, i.e. their sum for M1 and M2 is almost equal to that of DM.
Denaturation at acidic pH
The DSC study at acidic pH gave us some unexpected results. The melting curve of wild-type ADA2h did not show any heat absorbance peak typical of the heat-induced cooperative unfolding of the single structure (Fig. 2) . Instead, at low Table 1 . Thermodynamic parameters for the unfolding of ADA2h variants at pH 7.0 and 10.5. The enthalpies (DH m ) at the transition midpoint (T m ) and the standard Gibbs energies (DG 0 U ) were calculated from DSC data as described in the text, assuming DC p,U 3.1 kJ´K 21´m ol 21 and DH m 218 1 3.1
(T m ± T m,av ), kJ´mol 21 , where T m,av , 348.2 was taken to be the average melting temperature for the upper plot in Fig. 4 . The heats found with the latter relationship (shown in brackets) were used for the Gibbs energy calculations. The non-DSC data were taken from Villegas et al. [15] a and Viguera et al. [16] b ;
the T m values for the mutants from CD data are rough estimations because the transitions were incomplete. This is especially true for DM, for which we were not able to make even an estimation of the melting temperature. temperature the heat capacity of the sample was higher than that of the native state at pH 7.0 and increased with temperature, approaching the heat capacity of the unfolded state at very high temperature. At acidic pH the mutants show the distinguishable heat-absorbance peak on the thermograms (Fig. 2) . Mutant M1, however, does not unfold reversibly and reproducibly, most probably because its unfolded form has a very strong tendency to aggregate even at pH 2.0, where the protein must have a large positive charge.
To understand the absence of any heat absorbance peak in the DSC experiments with the wild-type protein at pH 3.0 we heated the sample at a concentration of < 100 mm to 60 8C in the NMR spectrometer. The one-dimensional spectra were recorded at this temperature and also after cooling the sample to 25 8C. Both spectra lost their sharp NMR signals (data not shown), confirming the irreversible formation of high molecular mass aggregates in agreement with the b-sheet-type CD spectrum for the wild-type protein at this pH (see below). The solution, however, remained transparent and seemed to be more viscous. The absence of any heat absorbance upon heating wild-type in DSC might reflect the sum of two processes with opposite energy terms: endothermic unfolding followed by exothermic aggregation. M2 is highly soluble at room temperature, but similar changes in NMR spectra were observed when a relatively concentrated protein (0.5 mm) was gradually heated to 85 8C. The heated sample also remained transparent and had become a gel-like solution. The reversibility of the endothermic unfolding of M2, caused by its relatively rapid heating/cooling (90 K´h
21
) in DSC at lower protein concentrations (200 mm), shows that the alternative conformation stabilized by mutating a-helix 2 has a much lower tendency to form aggregates than the less stable structure of wild-type.
As shown in Fig. 3 , at acidic pH and under the conditions of DSC experiments both M2 and DM have very symmetrical, reversible heat-absorbance peaks, which fit very well into the two-state unfolding model. There are, nevertheless, two unexpected details: M2 is now more stable than DM and their unfolding occurs at quite a high temperature despite the fact that the heat effects for both M2 and DM are lower by as much as 50 kJ´mol 21 than those at neutral pH. This difference is quite considerable and exceeds the errors in enthalpy determination ( Table 2 ). All these observations indicate that at acidic pH the folded or unfolded conformations of the mutants, or both, are different to some extent from those at neutral pH.
In accordance with the low heat effect, the melting curves are broader and lower. This and the necessity of working at low protein concentrations in order to avoid aggregation make it somewhat difficult to accurately determine either the absolute values or the increase in heat capacity (Figs 2 and 3) . It seems, however, that the heat capacity of the partially folded state of the mutants is not considerably larger than that of the native state and, consequently, the DC p,U is not much smaller than the value obtained at pH 7.0 (as also seen from the slope of the dashed line in Fig. 3 ).
Structural characterization at neutral and acidic pH
The CD data (Fig. 5) show a significant change in the structure of the folded state for all the proteins between pH 7.0 and pH 3.0, in agreement with the DSC data. At low pH there was less signal in the near UV than at pH 7.0 (Fig. 5B) , suggesting a considerable conformational change in the environment of some aromatic residues. The far-UV CD spectrum for the wildtype protein changes with concentration. At concentrations $ 200 mm, a spectrum typical of a b-sheet protein was found (Fig. 5C ). All changes in the spectrum, including this one, are reversible upon increasing the pH to 7.0 (data not shown). Because the concentrations used for the DSC experiments were slightly higher than 0.2 mm, it seems that the wild-type protein might be initially aggregated in a temperature-resistant b conformation and so no calorimetric peak could be detected, as it could with the mutant proteins.
The one-dimensional NMR spectra of all the variants at pH 7.0 are typical of well-structured proteins, with a high dispersion of chemical shifts and sharp resonances (results not shown). At this pH value the wild-type protein completely exchanged its amide hydrogens for deuterons when stored in D 2 O for 1 week at 4 8C. In contrast, M2 had to be kept for an additional 1 h at 50 8C (which is below T m ) in order to achieve complete H/D exchange, whereas M1 showed an intermediate H/D exchange protection. The order in protection against H/D exchange correlates with the order of mutant stability found in DSC experiments. The NMR spectra, in conjunction with the CD data, indicate that at neutral pH the mutations do not produce gross structural changes, but rather bring about an overall structural stabilization.
In contrast, the one-dimensional NMR spectra of all the domain variants at pH 3.0 show substantial, though incomplete, losses in chemical shift dispersion compared with those recorded at pH 7.0 (data not shown; see below and Fig. 6 ). This implies a partial loss of structure in all the proteins, which agrees with the DSC and CD data. The new, less structured conformations still protect some hydrogens against H/D exchange, which again remains higher for M2 than it does for M1. Notice that at this low pH the NMR experiments with the wild-type variant had to be performed at protein concentrations , 0.1 mm due to its high tendency to aggregate even at low temperature, while M1 and M2 allowed concentrations of up to 1 mm.
In order to characterize further the conformational change the two-dimensional NOESY spectra in D 2 O were acquired. Figure 6 shows selected regions of the spectra of wild-type at pH 7.0 and of M2 mutant at pH 7.0 and 3.0. At pH 7.0 many of the NOESY signals of the wild-type spectrum can be identified in the M2 spectrum using the assignments of wild-type signals (some of them are identified in Fig. 6 ). Despite some changes in chemical shift, which were also evident in the one-dimensional spectra, it appears that multiple mutations made within helix 2 do not result in gross conformational changes at neutral pH. In contrast, the NOE spectrum of M2 at pH 3.0 (Fig. 6C) shows substantial differences from the NOE patterns registered at pH 7.0 (Fig. 6B) . The pH 3 spectrum lacks a set of NOE signals corresponding to some residues in b-strands 2 and 3 and to the loop connecting these strands with a-helix 1. Nevertheless, most of the NOE signals corresponding to a-helix 2, b-strands 1 and 4 and part of a-helix 1 are unaffected by the pH change (Fig. 6) . Thus, the NMR spectra reveal that the pHinduced conformational change suggested by DSC and CD analysis affects a specific region within M2, while the rest of the native structure remains unaffected. Taking into account the similarity of the effects produced by acidification both in the CD and one-dimensional NMR spectra of all the ADA2h variants the conformational change appears to be a common feature for all of them.
D I S C U S S I O N
Previous studies into the stability of helix-engineered ADA2h mutants based on urea denaturation and the LEM model [15, 16] could not provide an accurate and complete set of unfolding parameters for the mutants, particularly the DM mutant, nor could they establish the nature of the stabilizing effects. In this work we used DSC to address these problems and further extend the experimental conditions to check whether the stability effects observed at neutral pH are maintained at other pH values. CD and NMR spectroscopy were used to characterize qualitatively the conformation of the mutants. Nevertheless, a detailed picture of the structural effects of the a-helix mutations would require that the high-resolution structures of the mutants be determined, which is outside the scope of this work.
The results of all the DSC studies carried out at neutral and alkaline pH coincide qualitatively. The four variants of ADA2h unfold reversibly in two-state transitions with T m following the order wild-type, M1, M2, DM, in accordance with the foldingkinetics data [16] . The heat effects, DH m , for all four mutants belong to the same linear regression through the DH m vs. T m plot, which indicates that the enthalpic contributions of the mutations to the stability increments are negligible compared with the entropic ones. The changes in DG 0 U at 298 K are similar to, but slightly higher than, those observed in equilibrium and kinetic urea unfolding studies. The stability (in terms of DG U ) of the double mutant roughly equals the sum of the stabilizing effect of each a helix. This strongly suggests that at neutral pH the effect of the surface mutations introduced into the cooperative small globular domain were additive.
The stabilizing effect of mutating the water-exposed surfaces of the helices seems to be mainly entropic, which might imply that any residual structure at high temperature is either small or fluctuating and unstable, and would thus cost very little, not only in terms of heat effect but also in terms of Gibbs energy [30] . It might also be thought that the stabilization arises mostly from a decrease in the Gibbs energy of the native state favored by some entropic factors. In a recent paper [31] it has been suggested that one of the major contributions to a-helical propensities is enthalpic in origin, deduced from analyzing the effect of temperature on the intrinsic propensities of Ala, Ile, Val and Leu in the presence or absence of trifluoroethanol (TFE). Our results contradict these conclusions, however. Possible sources of this discrepancy may be uncertainties in the interpretation of the TFE effect and/or in the fitting of the wide unfolding curves.
Although the Gibbs energy of ADA2h unfolding is quite normal for a protein of its size, the heat effect and the heatcapacity change calculated per amino-acid residue are not. According to a statistical analysis made by Myers et al. [32] , the average increase in the heat capacity of unfolding, DC p,U , for an 81-residue protein such as ADA2h should be < 5.0 kJ´K 21´m ol 21 (e.g. ubiquitin, which is 76 amino acids long has an average DC p,U value of 5.7 kJ´K 21´m ol 21 [33] ). This rough estimation is < 1.6 times higher than the average value of 3.1 kJ´K 21´m ol 21 calculated from DSC data. Nevertheless, a more detailed analysis based on the published correlations between DC p,U and exposed surfaces gives much more realistic estimations (Table 3) . For wild-type the estimation of the increase in heat capacity based on the NMRstructure coincides reasonably well with the experimentally determined value [21] . It appears that ADA2h has a low DC p,U because the nonpolar surface exposed upon unfolding is smaller than the average value for typical globular proteins, while the polar surface is larger. These unusual structural features are probably related to the functional role of ADA2h because it is not an isolated globular protein but a domain of a large proenzyme that sticks to the rest of the molecule quite tightly before proteolytic processing occurs. The behavior of both wild-type and the mutants changes completely at acidic pH. Far and near-UV CD, as well as NMR data, show a significant conformational change for all of them, justifying the lower heat effects of unfolding. It seems that at pH 3, room temperature and low protein concentration all variants adopt basically the same conformation (A form) and multiple mutations designed to increase local helical propensities cannot bring the protein back to its native conformation. Preliminary two-dimensional NMR experiments with the M2 mutant give some insight into this structural change. Figure 7 shows the projection of the NOE information from Fig. 6 onto the wild-type X-ray structure. Residues for which we found conserved NOE patterns of signals between pH 7.0 and pH 3.0 are given in blue, whereas residues for which the NOE signal disappears from the corresponding spectral region at pH 3.0 are given in green. It appears that a number of NOE connectivities involving the two helices and b-strands 1 and 4 remain intact, whereas many contacts between residues from the second and third b strands and part of a-helix 1 are lost. These observations suggest that the conformational change induced in M2 by changing the pH from 7.0 to 3.0 is mainly restricted to the second and third b strands.
The melting curves of both M2 and DM at acidic pH have single heat-absorbance peaks, which are reversible and correspond to a two-state unfolding. It might be that an extra positive charge introduced into M2 and DM (relative to wild-type and M1) increases their solubility at acidic pH and inhibits aggregation processes. Besides, because under these solvent conditions the structure of M2 is more stable than that of DM, the simultaneous presence of M1 and M2 mutations has a destabilizing effect over the A form structure. It is quite possible that the mutated residues are now in an environment which is unfavorable (increased electrostatic repulsion, for example) for the production of additive stabilization of the altered conformation through an increase in the local helical propensity. Thus, the mutations designed to increase protein stability at a given pH could well lead to unexpected results under different solvent conditions. Finally, the aggregation phenomena observed in this study at acidic pH, at which the protein should have a large positive charge, have the characteristics of a polymerization process. Our observations indicate that the alternative, less structured conformation of ADA2h undergoes transformation into baggregates according to the temperature and the stability of its particular variants. Whatever the mechanism of this process, it appears that the stabilization of this folded conformation by mutation at helix 2 reduces the aggregation tendency. This enhanced stabilizing effect might act by reducing the population of alternative conformations that serve as precursors of aggregates, and/or by increasing the energy barrier of the kinetic process leading to these precursors. Fig. 6 are projected on the ribbon diagram of the wild-type X-ray structure (PDB accession no. 1AYE). Residues for which the NOE pattern has not changed between pH 7.0 and 3.0 are represented as blue sticks. Residues for which the NOE connectivities are absent in the corresponding spectral region upon lowering the pH (highlighted by squares in Fig. 6 ) are represented as green sticks. The figure has been made using weblab viewerlite 3.20 (Molecular Simulations Inc.).
